In image transfer, one aims to reproduce at an image plane the field distribution of the field at the source plane. We consider a near-field image transfer scheme where an image with subwavelength resolution can be transferred to a metal-dielectric interface. In this scheme, the presence of a surface plasmon polariton provides a large wave vector range where the transfer function is flat, thus enabling the image transfer with subwavelength resolution. © 2011 Optical Society of America OCIS codes: 070.7345, 240.0240.
In image transfer, one aims to reproduce at an image plane (z ¼ d) the field distribution of the field at the source plane (z ¼ 0). In the far field, the smallest feature size that can be transferred is of the order of the wavelength of the light (λ), because only the propagating wave vector components contribute. These propagating components, after travelling for a distance, will acquire a phase shift that can be compensated with a lens. On the other hand, the fast-varying spatial information, contained in the evanescent wave vector components, decays exponentially in the propagating direction and does not contribute when the distance is large enough. The problem of evanescent decay is less severe in the near-field regime (d ≤ λ). Moreover, in the near-field regime, it has been shown that a "super lens," with a negative-index or negativedielectric material [1] [2] [3] [4] [5] , can be used to amplify the evanescent components and achieve image transfer from the source plane to the image plane with subwavelength resolution. One of the problems with the super lens is that the wave has to go through a slab of the negative-index or negative-dielectric material, where there is significant loss.
Here we considered another proposed scheme, where negative-dielectric material such as a plasmonic metal is placed after the image plane and the evanescent components are amplified by the reflection from the negative-dielectric material [ Fig. 1(a) ]. Comprehensive theoretical analyses of this scheme have been done [6] [7] [8] , where both the global contrast (in terms of intensity in the entire region between the source and the negative-dielectric medium) and local contrast (in terms of lateral contrast in one slice at the image plane), have been considered.
Building upon these previous works, in this paper, we specifically consider the possibility of image transfer to the metal-air interface, shown in Fig. 1(a) , where the evanescent enhancement effect is expected to be the greatest. In this case, the performance of this scheme can be easily understood in terms of a transfer function in momentum space. In particular, we show that subwavelength image transfer can occur when the transfer function is relatively flat over a large range of wave vector space. We introduce a quantitative measure of flatness of the transfer function. We also provide direct numerical evidence that this scheme can operate in the ultraviolet wavelength ranges with realistic material loss.
To mathematically describe image transfer for the system shown in Fig. 1 , as a simple example we consider the twodimensional case and define the transfer function Tðk y Þ (following [9, 10] ) by
where F i ðk y ; z ¼ 0Þ is the Fourier transform of F i ðy; z ¼ 0Þ, the incident field distribution at the initial plane (z ¼ 0), and F t ðk y ; z ¼ dÞ is the Fourier transform of F t ðy; z ¼ dÞ, the total field distribution at the image plane (z ¼ d). In order to achieve image transfer, our aim is to create a transfer function that is "flat," meaning that it remains nearly constant across large range of k y . To show that flat transfer function is useful for image transfer and to quantify the flatness of a transfer function, we measure how much such a transfer function deviates from the ideal one. The ideal transfer function for the purpose of image transfer is a constant valued function in k y so that all k y components are transferred equally. This means its inverse Fourier transformTðyÞ [the point spread function (PSF)] is a delta function. One way to measure the deviation from this delta function PSF is then to measure its second moment R y 2 jTðyÞj 2 dy (for an example, see [11] ). By normalizing the transfer function (because an overall constant does not affect image transfer), normalizing the length scale to wavelength (λ) to get a dimensionless number, and using Parseval's theorem, we get 2π λ
where F:T:½… denotes Fourier transform, and k 0 ¼ 2π=λ. Thus, we can define a measure of the flatness of the transfer function N f as in Eq. (2), which involves the integral of the magnitude of the slope of the transfer function. Lower N f represents a flatter transfer function in wave vector space, and it results in a better image since the PSF is narrower in real space.
In the structure shown in Fig. 1 (a), the transfer occurs through a dielectric with a positive dielectric constant ϵ d . In such a dielectric, where
Perhaps more importantly, for image transfer purposes, we note that T f is also approximately an exponential decay function in k y , meaning that the different Fourier components in the initial field will decay at significantly different rates, giving a large distortion in the image plane.
Here we show that the evanescent amplification scheme, commonly used for compensating exponential decay in z [1] [2] [3] [4] [5] , can also be designed to generate a relatively flat transfer function in k y space. As a demonstration, we put a material with negative permittivity ϵ m < 0 in the region z > d, where z ¼ d is the image plane [ Fig. 1(a) ], and consider the TM polarization by setting the field F to be the magnetic field along the x direction. The transfer function is then
Here rðk y Þ is the reflection coefficient at the interface, and has the form
For propagating components (real k z;d ), the negative-dielectric material essentially behaves as a good mirror; hence jrðk y Þj ≈ 1. For evanescent components (imaginary k z;d ), rðk y Þ is large when k z;d = ϵ d ≈ −k z;m =ϵ m , which occurs when the parallel wave vector k y ≈ k SP where
is the wave vector of the propagating surface polariton wave at the interface.
As an illustration, we consider the case of an interface between air (ϵ d ¼ 1) and aluminum (Al). maxima moves to lower k y with increasing d due to the evanescent decay. In both cases, the transfer function now has significant amplitude in the evanescent region. More importantly, it is relatively flat in k y , in the sense that the lowand high-spatial frequency components have more similar transfer function coefficients than typical near-field systems. Such a flat function is desirable for image transfer of a wide range of feature sizes. We now provide a direct numerical confirmation of our image transfer scheme using the finite-difference frequencydomain (FDFD) simulation [13] [ Fig. 1(b) ]. The source is set up by having a plane wave from the top incident on the holes in the mask modeled as perfect conductor (green rectangles). The widths of the holes are λ=2, λ=3 and λ=4. Based on our discussion above, we have chosen ω ¼ 1:63 × 10 16 rad=s. The object plane (the bottom interface of the mask) is placed at a transfer distance d ¼ 0:16λ from the Al (ϵ m ¼ −1:047 þ 0:077i). The image plane is the front interface of Al. We can see that the field at the image plane closely resembles the profile of the incident plane. For comparison, the simulation result of the same setup but without Al is shown in Fig. 1(c) , where significant distortion is seen at the image plane. Note that, in this setup, the transfer function from Eq. (5) may require a correction from the back reflection from the mask [14] . However, the full field simulation still demonstrates subwavelength image transfer.
To estimate the smallest feature size w min that can be transferred with our scheme, we use the fact that the transfer function has significant amplitude at least up to k y ¼ k SP . Therefore,
For example, in Fig. 2(a) , we can see k SP at our operating frequency is 3k d , so we can transfer the step function with the width as narrow as λ=3 to λ=4 in Fig. 1(b) , in consistency with the simulation. Next, we compare our image transfer scheme to the super lens proposed in [1] . In one of the super lens schemes, a slab of negative permittivity material is placed between the object plane and the image plane [as in Fig. 3(b) ]. The wave goes through the lossy material in the super lens scheme, while it only goes through air gap in our scheme. Therefore, our scheme should be less susceptible to material loss, meaning the peak height should not change much with the increase in loss. This is confirmed in Fig. 3 where we plot the transfer functions of the two schemes with the same total air gap distances (d ¼ 0:16λ) and ϵ m ¼ −1 þ iϵ 00 m for several values of ϵ 00 m . N f is given on the plot. We can also see that, even though the super lens gives a higher transfer function for evanescent components, its high and sharp peak and the discrepancy between the propagating and evanescent transfer function lead to higher N f . Therefore, in terms of the spatial extent of the PSF, our image transfer scheme is superior to that of the super lens.
For experimental implementation and potential lithographic application of our scheme, it is important to discuss image transfer in a multilayer system. (The experiment for the negative-index super lens [2, 3] , for example, involves the use of a photoresist layer.) As an illustration, we consider a system at ω ¼ 1:24 × 10 16 rad=s (λ ¼ 152 nm) consisting of an air gap (ϵ ¼ 1, thickness ¼ 0:15λ) and a photoresist (PR) layer (ϵ ¼ 2:7, thickness ¼ 0:05λ) that is on top of an Al (ϵ ¼ −2:6 þ 0:22i) region, as shown in Fig. 4(a) . (We choose this frequency so that ϵ m ≈ −ϵ PR .) The corresponding transfer function from a source plane located in air at z ¼ 0 to the PR-Al interface [Tðk y ; z ¼ 0:21λÞ] is calculated using a transfer matrix and is shown in Fig. 4(b) . We see that the transfer function can be made flat even in the presence of the PR layer. The FDFD simulation with the same mask as Figs. 1(b) and 1(c) is shown in Fig. 4(c) , using a realistic dielectric constant for chromium mask (ϵ ¼ −0:55 þ 1:43i). We can see that the image field also closely resembles the profile of the mask. Note that, because of the high field confinement in the z direction at the PR-Al interface, the behavior of this three-layer system is primarily determined by the surface plasmon at the PR-Al interface [15] . As final remarks, in previous works [6] [7] [8] [16] [17] [18] , a mask layer was put directly on top of a PR layer, and the PR layer can be put on additional metal layer. The image formation was assisted by surface plasmons on either the mask, or the additional metal layer, or both. In contrast to all these works [6] [7] [8] [16] [17] [18] , we consider here a noncontact scheme where there is an air gap between the mask and the PR. In addition, the maximal of the field is on the image plane, away from the mask. Both aspects may be attractive for practical considerations. For example, having a noncontact scheme is essential in some of the recent experimental demonstrations of a fling plasmonic lens in near-field nanolithography [19] . Also, while we have considered a very simple mask design, more complex masks (e.g., a phase mask) can be used to improve the contrast at the image plane. Finally, we note that what gives rise to the evanescent amplification is the presence of a surface state. Thus, instead of using the negative permittivity material, one can use other means such as metamaterial to generate surface states [20, 21] if there is a need to operate in other frequencies such as infrared.
